channels (4, 11, 25) . Iota-toxin enters host cells and induces toxicity by exploiting the cell's endogenous pathways as follows (3) (4) (5) 20) . Through its C-terminal part, Ib recognizes distinct, though as-yet-unidentified, receptors on the cell surface, a membrane protein sensitive to pronase (24) . Ib specifically binds to a receptor on the cytoplasmic membrane of cells and accumulates in lipid rafts, and the Ia bound to the oligomers formed on the rafts then enters the cell (6, 13) . Ia and Ib are transported to the early endosome, where acidification promotes cytosolic entry of Ia (6, 13) . Then Ia binds to G-actin in the cytosol and ADP-ribosylates it, thereby blocking the polymerization of actin and eventually intoxicating cells (4, 20) .
Ib displays significant homology with the protective antigen (PA) of anthrax toxins (54.4% similarity overall) and C2II (39.0%), suggesting that they have similar modes of action (3, 14) . PA (15) and C2II (3) bound to cell surface receptors and interacted with the enzyme components edema factor and lethal factor for PA and C2I for C2II, respectively, mediating their entry into target cells. The crystal structure of PA and C2II reveals four domains (15, 21) . The N and C termini in the binding component, designated domain I and domain IV, respectively, represent the docking site for the enzyme component and the binding site for the cells. We reported that the conserved Ca 2ϩ -binding motif in the N-terminal region of Ib plays a role in the interaction of Ib with Ia in the presence of Ca 2ϩ (9) . Marvaud et al. and Stiles et al. (10, 24) reported that Ib strongly binds to the cell surface receptor of Vero and MDCK cells, which are sensitive to iota toxin, but not that of FRHL-103 and MRC-5 cells, which are highly resistant to the toxin. Knapp et al. (8) reported that Ib forms cation-permeable chan-nels in artificial lipid membranes. We revealed that the Ibinduced release of K ϩ from the cells is dependent on the formation of oligomers by Ib in Vero cells, but the oligomers do not induce cytotoxicity (11) . We cannot explain why the formation of an oligomer does not lead to cytotoxicity. Furthermore, little is known about the biological activity of Ib. Here, we investigated the cytotoxic activity of Ib in six cell lines and identified two sensitive cell lines. The results indicate that Ib induces rapid necrosis among the sensitive cells.
Immunoblot analysis. The samples were heated in 2% SDS sample buffer at 95°C for 3 min, subjected to SDS-PAGE, and transferred to a polyvinylidene difluoride membrane (Immobilon P; Millipore). The membrane was blocked with Tris-buffered saline (TBS) containing 2% Tween 20 and 5% skim milk and incubated first with the primary antibody against Ib, caveolin-1, or active caspase 3 in TBS containing 1% skim milk, then with a horseradish peroxidase-conjugated secondary antibody, and finally with an enhanced chemiluminescence analysis kit (GE Healthcare).
Influx of propidium iodide. A431 cells on 96-well plates were incubated with or without Ib and with propidium iodide (PI; 5 g/ml) at 37°C. Then, the plates were read with a spectrofluorimeter (Tecan, Tokyo, Japan) (excitation, 380 nm; emission, 620 nm). The results were expressed as the percentage of fluorescence obtained compared to nonintoxicated cells incubated with 0.5% Triton X-100 at 37°C.
DNA gel electrophoresis. A431 cells grown in 3.5-cm dishes were incubated without or with Ib (250 ng/ml) at 37°C for various periods. DNA was extracted using SepaGene (Sanko-Junyaku, Tokyo, Japan) according to the manufacturer's instructions, and 2 g of DNA was then subjected to agarose gel electrophoresis (1.5%), followed by ethidium bromide staining. Molecular weight standards were from Takara-Bio (Shiga, Japan). As a positive control of DNA fragmentation, A431 cells were incubated with staurosporine (10 nM) for 24 h and subjected to gel electrophoresis.
Electron microscopy. A431 cells incubated with or without Ib were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2). After being washed in the same buffer and fixed in 1% OsO 4 for 1 h, the specimens were washed again, dehydrated in an ethanol series, and embedded in Epon 812. Thin sections were cut with a Leica Ultracut UCT microtome, poststained with 2% uranyl acetate and Reynolds lead citrate, and examined using a JEOL JEM-2000EX operated at 80 kV as described previously (26) .
Immunofluorescence studies. Cells were plated on a polylysine-coated glassbottomed dish (Matsunami, Osaka, Japan) and incubated at 37°C in a 5% CO 2 incubator overnight in FCS-DMEM. To study the internalization of Ib, Ib (1 g/ml) was incubated with cells at 4°C for 1 h in FCS-DMEM. After three washes in cold FCS-DMEM, cells were transferred to FCS-DMEM or FCS-DMEM containing Ia (1 g/ml) prewarmed to 37°C and incubated at the same temperature for 30 min. They were washed four times with cold phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde at room temperature. For antibody labeling, the dishes were then incubated at room temperature for 15 min in 50 mM NH 4 Cl in PBS and in PBS containing 0.1% Triton X-100 at room temperature for 20 min. After being washed with PBS containing 0.02% Triton X-100, the dishes were incubated at room temperature for 1 h with PBS containing 4% BSA, followed by primary antibody (rabbit anti-Ib antibody) in PBS containing 4% BSA at room temperature for 1 h. They were then washed with PBS containing 0.02% Triton X-100, incubated with secondary antibody (Alexa Fluor 568-conjugated anti-rabbit IgG) in PBS containing 4% BSA at room temperature for 1 h, washed extensively with PBS containing 0.02% Triton X-100, and analyzed under a Nikon A1 laser scanning confocal microscope (Tokyo, Japan). Nuclei were stained with DAPI.
To study the activation of Bax and Bak and release of cytochrome c, A431 cells were seeded and grown at 37°C for 12 h on glass-bottomed dishes before transfection with Cellular Lights Mitochondria-GFP BacMam 1.0 according to the manufacturer's instructions; 24 h later, they were treated with Ib, fixed, permeabilized, and blocked as described above. Cells were incubated with active-formspecific anti-Bax, active-form-specific anti-Bak, or anti-cytochrome c antibodies and then with species-specific Alexa Fluor 488-conjugated secondary antibodies.
For experiments with MitoTracker red CMXRos, A431 cells were incubated with MitoTracker red CMXRos (200 nM) and Hoechst 33342 (20 g/ml) at 37°C for 30 min before live cell imaging. All images represent a single section through the focal plane. Images shown in the figures are representative of at least three independent experiments and were produced with Adobe Photoshop v7.0.
RESULTS

Cytotoxicity of Ib.
It has been reported that Ib alone has no effect on living cells (3) . To investigate the cytotoxicity of Ib, the MTS assay was performed with a variety of cell types. As shown in Binding and internalization of Ib into cells. We reported that Ib binds to Vero cells, forming an oligomer itself to create ion-permeable channels (11) . To test the binding and oligomerization of Ib on Ib-sensitive (A431) and -insensitive (MDCK) cells, the cells (5 ϫ 10 5 ) were preincubated with Ib in DMEM-10% FCS at 4°C for 60 min, washed, and incubated in the same medium at 37°C for various periods. The treated cells were dissolved in SDS sample solution and analyzed by SDS-7.5% PAGE without heating at 95°C. Ib was analyzed by Western blotting with anti-Ib antibody ( Fig. 2A ). When the A431 or MDCK cells were incubated with Ib at 4°C for 60 min, only the Ib monomer (76 kDa) was detected. On the other hand, when both cells were incubated with Ib at 37°C, levels of the Ib monomer decreased and Ib oligomer increased in a time-dependent manner, as reported previously (11) . As shown in Fig.   2A , the binding of Ib to A431 cells was greater than that to MDCK cells. The data indicated that Ib forms oligomers in Ib-sensitive (A431) and -insensitive (MDCK) cells.
Husmann et al. (7) reported that Staphylococcus aureus alpha-toxin, an archetype of bacterial pore-forming toxins, enters a particular cell type and that uptake of the toxin is essential for cellular survival. We investigated the internalization of Ib into A431 and MDCK cells. After the loading of both cells with Ib at 4°C, binding to the plasma membrane was readily detected by confocal immunofluorescence microscopy ( Fig. 2B, panel b) . When Ib-treated MDCK cells were incubated at 37°C for 30 min, Ib was present in cytoplasmic vesicles (Fig. 2B, panel c) . On the other hand, the persistence of Ib on the membrane of A431 cells was confirmed at 37°C (Fig. 2B,  panel c) . Furthermore, when A431 cells were incubated with Ia plus Ib at 37°C, Ib was also detected in the plasma membrane (Fig. 2B, panel d) . The results demonstrate that the ability of a cell type to survive membrane pore formation by Ib appears to depend on its ability to internalize Ib.
We had reported that Ib binds to a receptor on membranes and then moves to lipid rafts and that the Ia bound to Ib in the lipid rafts is internalized in MDCK cells (13) . To investigate the binding of Ib to lipid rafts of A431 cells, Ib was incubated with A431 cells in DMEM-10% FCS at 4°C for 60 min, and the cells were treated with 1% Triton X-100 at 4°C for 60 min. The membranes treated with Triton X-100 were fractionated by sucrose density gradient centrifugation. The fractions were subjected to SDS-PAGE and Western blotting using anti-Ib antibody. As shown in Fig. 3A , the Ib monomer (75 kDa) was on October 23, 2017 by guest http://iai.asm.org/ found in the soluble fractions (fractions 6 to 9). When A431 cells preincubated with Ib at 4°C for 60 min were incubated at 37°C for 30 min, the Triton X-100-soluble fractions (fractions 6 to 9) showed two bands, a minor band corresponding to the Ib monomer and a major band of about 500 kDa, which was reported to be heptameric Ib (11) (Fig. 3B) . The monomer and oligomer of Ib were detected in the detergent-insoluble fractions. Caveolin-1 was detected in the insoluble fractions (fractions 2 to 4), where Ͼ85% of the cholesterol was detected ( Fig.  3C and D) , showing that fractions 2 to 4 are lipid rafts. The result suggests that Ib forms an oligomer in the nonlipid rafts of the plasma membranes of A431 cells at 37°C after the binding of the monomer to membranes. Incubating the cells with 10 mM MbCD, an efficient drug that extracts cholesterol from membranes, did not alter the ATP content of untreated cells and had no protective action against the rapid decrease in cellular ATP caused by Ib (data not shown). Consistent with these results, MbCD (10 mM) was found to have no protective effect on cell viability after Ib was added (data not shown). These findings demonstrate that removing cholesterol from lipid rafts is not sufficient to protect cells against the rapid injury caused by Ib.
Cell necrosis induced by Ib. We next investigated the possible mechanisms responsible for the rapid cell death caused by Ib. Incubation of A431 cells with Ib (250 ng/ml) failed to induce DNA ladder fragmentation, a hallmark of apoptosis, even after incubation for up to 240 min (Fig. 4A) . As a positive control, DNA fragmentation was detected when A431 cells were incubated for longer periods of time (24 h) with 10 nM staurosporine, a well-known inducer of apoptosis (Fig. 4A) . No induction of apoptotic caspase 3 was detected in Ib-treated cells (data not shown). Moreover, preincubating the cells with 20 M Z-VAD-FMK, a broad-spectrum caspase inhibitor, and 3-methyladenine, an autophagy inhibitor, did not protect against the rapid loss of cell viability caused by the toxin, as assessed by MTS assay (data not shown). Loss of plasma membrane integrity leading to increased permeability to cationic dyes such as propidium iodide (PI) was found to be characteristic of necrosis, or the so-called "necrotic stage" of apoptosis (22) . Therefore, the entry of PI into cells treated with Ib was monitored. As shown in Fig. 4B , Ib induced the entry of PI into cells in a time-dependent manner. PI entry into MDCK cells with Ib was not observed. The results supported the idea that Ib causes cell necrosis. Next, the cell damage induced by Ib was investigated by electron microscopy (Fig. 4C) . When A431 cells were incubated with Ib at 37°C, the density of the cytoplasm and the nucleus decreased. In addition, swelling of the nucleus and small vacuoles were observed. Consistent with above results, ultrastructural studies revealed that A431 cells treated with Ib display the morphological changes characteristic of necrosis.
Ib caused a rapid decrease in the ATP content of A431 cells, with almost complete depletion after 30 min, as shown in Fig.  1 . We next tested whether Ib-induced ATP depletion altered mitochondrial permeability. Mitochondria were visualized using MitoTracker red, a mitochondrion-specific dye that accumulates in a membrane potential-dependent way. The staining of mitochondria in control cells was homogenous, indicative of actively respiring mitochondria; the mitochondria appeared to be almost evenly distributed within the cell, particularly around the nuclei (Fig. 5A) . On the other hand, mitochondria in cells treated with Ib for 15 min revealed a striking decrease in fluorescent intensity (Fig. 5A) . Next, we used A431 cells expressing Mitochondria-GFP (Mito-GFP). In this experiment, GFP with a mitochondrion-targeting signal (Mito-GFP) was used as a marker for mitochondria. As shown in Fig. 5B , we investigated whether Ib causes the release of cytochrome c from the mitochondria to the cytosol. In control cells, cytochrome c immunoreactivity was not revealed in the cytoplasm. On the other hand, Ib induced the release of cytochrome c from mitochondria in the cytoplasm of cells within 30 min. It has been reported that the proapoptotic Bcl-2-family proteins, such as Bax, induce mitochondrial membrane permeabilization and cytoplasmic release of cytochrome c (1). We therefore examined whether the Ib-induced release of cytochrome c from mitochondria involved the activation of Bax. It had been reported that activated Bax was associated with intracellular membranes, principally the mitochondrial outer membrane (29) . We evaluated the subcellular distribution of activated Bax in Ib-treated A431 cells expressing Mito-GFP using activeform-specific anti-Bax antibodies and confocal microscopy. As shown in Fig. 5B , activated Bax in Ib-treated A431 cells was colocalized to mitochondria within 30 min. In addition, we also observed the activation of Bak by Ib using conformationalspecific anti-Bax antibodies (Fig. 5B) , indicating that activated Bak, another Bcl-2 homolog, is also colocalized to mitochondria.
DISCUSSION
In the present study, we demonstrated that Ib (i) shows cytotoxicity in A431 and A549 cells, (ii) binds to nonlipid rafts and forms an oligomer, and (iii) causes a rapid necrosis.
It has been reported that Ib possesses no cytotoxic activity (3, 18, 20) . We found that Ib binds to Vero cells, forming homo-oligomers to create ion-permeable channels, but the oligomers did not induce cytotoxicity (11) . The finding suggests that Ib forms channels comprising heptamers or hexamers in the membrane (functional oligomers) and that the Ib oligomer is inserted into the endosomal membrane (11). Knapp et al. (8) reported that Ib was able to induce the formation of small ion-permeable channels in artificial lipid bilayer membranes. The putative channel-forming domain in Ib plays a role in the formation of channels (8). Richard et al. (16) reported that Ib alone applied apically or basolaterally induced a slow decrease in the transepithelial resistance (TER) of Caco-2 cell monolayers and that Ib was transcytosed on the opposite cell surface. In the present study, Ib induced marked swelling, ATP deple- on October 23, 2017 by guest http://iai.asm.org/ tion, and cell death among sensitive cells. Since no cell line has been reported to be sensitive to date, the discovery that A431 and A549 cells are sensitive to Ib is a novel finding and may resolve the role of Ib in pathogenicity. We reported previously that Ib binds to a receptor in membranes of MDCK cells and then moves to lipid rafts in the membranes and that the oligomer of Ib formed in the rafts is internalized (13) . Here, we also showed that Ib enters MDCK cells via endocytosis. On the other hand, the Ib monomer formed oligomers on nonlipid rafts in membranes of sensitive A431 cells. Moreover, Ib was located on the cell surface during the intoxication process at 37°C. Husmann et al. (7) reported that S. aureus alpha-toxin persistence in plasma membranes was cell type dependent and that uptake of the toxin correlated with the ability to survive attack by the pore former. Therefore, the ability of a cell type to survive membrane perforation by Ib appeared to depend on its ability to internalize Ib. The present data indicate that internalization of Ib is required for cellular survival and suggest a role for endocytosis as an innate cellular defense mechanism against small membrane pores.
We found that Ib induced cell swelling and cell death. Ib induced activation of the proapoptotic Bcl homologues Bax and Bak, known to cause mitochondrial membrane permeabilization, and cytoplasmic release of cytochrome c. However, no expression of the apoptotic enzyme caspase 3 was detected in Ib-treated cells. Preincubating the cells with Z-VAD-FMK, a broad-spectrum caspase inhibitor, did not protect against the rapid loss of viability caused by Ib. Moreover, Ib did not induce DNA fragmentation. These results indicate that even if Ib induced activation of Bak and Bax, the cell death mechanism caused by Ib did not result from the activation of a caspasedependent apoptotic process. Ib caused the entry of PI and rapid cellular depletion of ATP, which is one of the early signals leading to necrosis. The Ib-dependent increase in permeability by PI correlated with the loss of viability, further supporting the idea that Ib caused necrosis. Moreover, ATP levels decreased to below 90% of normal values within 60 min of Ib treatment, at which point cells are considered necrotic, since there is no longer sufficient ATP to maintain energydependent apoptotic pathways. Ib treatment also results in the permeabilization of mitochondrial membranes, reflected by the release of cytochrome c into the cytoplasm and the loss of MitoTracker staining. Mitochondrial dysfunction was a significant contributor to cytotoxicity; indeed, severe ATP depletion could be sufficient to cause cell death. These results suggest that Ib induces the mitochondrial dysfunction, which in turn appears to contribute to ATP depletion. The proapoptotic Bcl-2 homologs Bax and Bak are both critical regulators of mitochondrial membrane permeabilization, with partially redundant functions (1). Bax is a cytosolic, monomeric protein in nonapoptotic cells; during apoptosis, it undergoes conformational changes near the amino and carboxyl termini to expose the functionally crucial Bcl-2 homology domain 3 and translocates to the mitochondrial outer membrane (29) . Bak is largely associated with the mitochondrial outer membrane and endoplasmic reticulum, even in healthy cells; it, too, changes conformation in response to apoptotic stimuli. Activated Bax and Bak undergo homo-oligomerization and may participate in the formation of a large mitochondrial transition pore complex that facilitates cytochrome c release (1, 29) . Here, we demonstrated that Bax was activated and localized to mitochondria in A431 cells exposed to Ib. In addition to Bax activation in Ib-treated A431 cells, we observed Bak activation by confocal microscopy using conformation-specific anti-Bak antibodies.
These results indicate that Ib may utilize both Bax and Bak to induce mitochondrial dysfunction. We found that Ib was associated with plasma membranes even in A431 cells in which cytochrome c release had been induced. These results suggested that Ib-induced cytochrome c release did not necessarily require direct interaction of Ib with mitochondria; rather, an alternative signaling pathway resulting in Bax and Bak activation appears to be important to the actions of Ib. C. perfringens type E reportedly causes enterotoxemia in calves and occasionally other young animals (23) . Previous works demonstrated the ADP-ribosylating nature of iota toxin, but this toxin's role in the pathogenesis of intestinal infections was still unclear (2, 23) . It has been reported that Ib alone decreased the transepithelial resistance (TER) of Caco-2 cell monolayers through the formation of pores resulting from the membrane insertion of Ib oligomers (16) and that the Ib oligomer in cell membranes generates ion-permeable pores (8, 13) . In the present study, we demonstrated that Ib alone induced cytotoxicity in particular types of cells. Based on these findings, A431 cells could be a useful model for improving our understanding of the mechanisms involved in the cytotoxicity of Ib.
In summary, we showed that Ib causes rapid depletion of ATP and necrosis in A431 and A549 cells. These cells therefore offer an attractive new cell system that could be used to analyze the cytotoxic action of Ib. 
